The prevalence of affective disorders is two times greater in women than in men. The onset of anxiety and depression occurs at different ages that may correspond to key developmental periods when the brain is more vulnerable to hormonal and exogenous influences. Because stressful life events can precipitate disease onset, the development of greater stress sensitivity in females may contribute to their increased vulnerability. Gonadal hormone exposure in males during early development and again from puberty onward plays a prominent role in sexually dimorphic brain formation, possibly contributing to sex differences in stress responsivity. Therefore, organizational effects of testosterone propionate (TP) administered postnatally and activational effects of TP administered beginning at puberty on adult female physiological and behavioral stress responses were examined in mice. Although the activational effects of TP in females ameliorated the sex difference in the hypothalamic-pituitary-adrenal axis stress response, there was no effect of postnatal TP. Similarly, higher immobile time in intact females in the tail suspension test was blunted by activational TP in the absence of postnatal TP. However, in the marble-burying test of anxiety-like behaviors, organizational and activational TP independently resulted in increased burying behaviors. These results show that TP administration has distinct effects on reducing physiological and behavioral stress responsivity in rodent models and suggest that sex differences in these responses may partially result from the absence of testosterone in females. (Endocrinology 149: 6399 -6405, 2008) 
T HE LIFETIME prevalence of affective disorders including anxiety and major depression is nearly two times higher in women than in men (1) . The presentation of behaviors associated with anxiety disorders begins to increase around age 5, whereas depression-related characteristics emerge around puberty (2) , suggesting that divergent central mechanisms may underlie the timing of vulnerability to these disorders. One common factor in depression and anxiety etiology is dysregulation of stress neurocircuitry (3) . The ability to respond appropriately and maintain homeostasis after stressors is an important factor in disease prevention.
Sex differences in the hypothalamic-pituitary-adrenal (HPA) axis stress response may play a role in the vulnerability to affective disorders. Adult female rodents display a greater physiological stress response than males as seen by higher corticosterone levels after a variety of stressors (4 -8) , regardless of estrous cycle stage (9, 10) . In females, basal and stress-induced corticosterone as well as hypothalamic corticotropin-releasing factor (CRF) expression are elevated during proestrous compared with diestrous or estrous (11) (12) (13) . In addition, rodent studies have shown sex differences in behavioral responses to stress in which females use more passive strategies, such as increased immobile time in the forced swim and tail suspension tests compared with males (14 -16) . In humans, such passive responses have been associated with the occurrence of depressive symptoms (17, 18) .
Sex differences in the HPA axis in humans are more complex. In studies of healthy adults, men compared with women in the luteal phase of the menstrual cycle show similar plasma and salivary-free cortisol levels after stress, whereas free cortisol is lower in women during the follicular phase (19, 20) . Variability between studies showing either no sex differences in free cortisol or greater levels in men may be partially attributed to phase of the menstrual cycle (for review, see Ref. 21) or to the type of stress challenge. Plasma cortisol is higher in men in response to the Trier Social Stress Test and CRF stimulation but higher in women in response to naloxone and intense exercise (22) (23) (24) . Interestingly, one study using stressors that are etiologically related to affective disorders showed that women responded to social rejection with greater salivary-free cortisol than men (25) . Furthermore, depressed women exhibit greater ACTH secretion in the evening compared with depressed men (26, 27) . Thus, women may have a distinct type of HPA axis sensitivity that is related to the vulnerability to affective disorders.
Sex differences in physiological and behavioral stress responsivity may be related to differential brain development and/or modulation by gonadal hormones (28, 29) . Gonadal hormones can have effects that are organizational, which persist in the absence of circulating hormone, and activational, which require the presence of hormone. Testosterone exposure in males during both early brain formation and in puberty is critical for the development of the sexually dimorphic male brain, including masculinization of reproductive behavioral neurocircuitry (29, 30) . Some of these morphological effects can be reproduced in the female via a single testosterone injection on postnatal day (PN) 1 (31) . Further sexually dimorphic brain development occurs during puberty, including greater enlargement of the amygdala in males and of the hippocampus in females (32, 33) . The brain regions with the greatest dimorphism in adulthood also have the highest expression of gonadal hormone receptors during critical periods of brain development (34) , signifying the impact of early hormone organization on later activation.
The underlying mechanisms that contribute to the development of sex differences in stress responsivity have not been fully explored in rodent models. Therefore, we administered testosterone propionate (TP) to female mice on either PN 1 (organizational) and/or beginning at puberty (activational) and examined masculinization of physiological and behavioral stress responses compared with control male and female mice. We hypothesized that this masculinization would result in a reduced physiological stress response and increased active behaviors in adult females.
Materials and Methods Animals
Twelve litters of 129:C57BL/6J mice were bred in our colony. On the day of birth, designated as PN 1, female pups were randomly assigned to one of four conditions shown in Table 1 . Females assigned to determine organizational effects of TP (Sigma Life Science, St. Louis, MO) received 100 g TP per pup sc in 20 l sesame oil on PN 1 (abbreviated PN TP). This method has been shown to masculinize reproductive behavior in mice (35) . Vehicle treatment (PN V) consisted of a 20-l injection of sesame oil on PN 1. At 28 d, all mice were weaned and bilateral ovariectomy (OVX) surgery was performed on all female mice except for the intact group (ǨPN V). Ovariectomy surgery was performed under isoflurane anesthesia immediately followed by implantation of a SILASTIC brand (Dow Corning, Midland, MI) capsule (inner diameter 1.98 mm, outer diameter 3.18 mm) that contained TP (3 mm TP; OVX TP) or was empty (OVX V). Implants were inserted sc, caudal to the scapula. The five experimental groups were as follows: 1) ǨPN V, ovary-intact females (n ϭ 5), 2) &PN TPϩOVX V (n ϭ 10), 3) ǨPN VϩOVX TP (n ϭ 10), 4) ǨPN TPϩOVX TP (n ϭ 9), and 5) (PN V, intact males (n ϭ 11). All mice were group housed under controlled conditions of a 12-h light, 12-h dark cycle with access to food and water ad libitum. In adulthood, females with intact ovaries (ǨPN V) were cycled by taking vaginal smears. Cycle stage was determined using methods described previously (36) . All procedures were approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania.
Testosterone analysis
In a separate cohort of female mice (n ϭ 6), plasma testosterone concentration resulting from SILASTIC brand implants was assessed. At 28 d, females were bilaterally OVX and given a TP-filled capsule as described above. Blood samples were collected at d 70, 77, and 91. These time points coordinate with behavior and HPA axis testing used in these studies. Samples were assayed using a commercial 125 I RIA kit for total testosterone (Diagnostic Products Corp., Los Angeles, CA). The minimum detection limit of the assay was 4 ng/dl, and intraassay coefficient of variation was 17%. Data were converted to nanograms per milliliter in Table 2 .
Corticosterone analysis
The HPA axis response to acute stress was measured by exposing mice to a 15-min restraint in a 50-ml conical tube (37) . Testing occurred between 2 and 5 h after lights on and was performed on mice between the ages of PN 88 and 91. Blood samples were collected from a tail nick at four time points: 1) time 0, immediately upon removal from the cage, 2) time 15, immediately after the restraint stress, 3) time 30, after 15 min recovery in the home cage, and 4) time 90, after 75 min recovery in the home cage. Samples were collected into EDTA-treated tubes, immediately centrifuged, and stored at Ϫ80 C until assayed for corticosterone. Corticosterone concentrations were measured using a commercial 125 I RIA kit (MP Biomedicals, Orangeburg, NY). The minimum detection limit of the assay was 7.7 ng/ml, and intraassay coefficient of variation was 7.3%.
Behavior testing
Testing occurred from PN 67-78. Behavior tests were chosen based on previously reported sex differences and were conducted in the following order with 2 d rest between each test.
Tail suspension test.
To measure depression-like behaviors in a stressprovoking task, we performed the tail suspension test. Testing was performed as previously described (38) . Distance from floor was 40 cm. Testing occurred during the light cycle for a duration of 6 min. Testing was digitally recorded and analyzed using ANY-maze software (Stoelting Co., Wood Dale, IL).
Marble-burying test.
To measure stress-provoked anxiety-like responses, we performed the marble-burying test (37) . Mice were placed individually in cages (20 ϫ 40 ϫ 15 cm) with 5 cm bedding and 12 uniform marbles evenly distributed on the surface of the bedding. Testing occurred in the dark phase of the light/dark cycle for a duration of 30 min. An overhead lamp was used to illuminate the testing room at 100 lux. The number of marbles buried (two thirds covered by bedding) was binned at 5-min intervals.
Light-dark box. To further measure anxiety-like responses, light-dark box testing was performed as previously described (39) . Light intensity was 5 lux in the dark compartment and 300 lux in the light compartment. Test duration was 10 min. Testing occurred 2 h into the dark cycle. Behaviors were scored using ANY-maze software.
Statistical analysis
Corticosterone and marble-burying data were analyzed using repeated-measures ANOVA (time ϫ group). Additionally, corticosterone was analyzed for rate of HPA axis activation by performing a one-way ANOVA on the slope of corticosterone from 0 -15 min. All other data were analyzed using one-way ANOVA. Significant differences were identified at P Ͻ 0.05. To reveal specific differences between groups, significant main effects and interactions were further analyzed with Student's t test. All data are reported as mean Ϯ sem. 
Results

Plasma testosterone
Plasma testosterone resulting from TP implants was measured in a separate group of female mice on PN 70, 77, and 91, corresponding to the timing of behavioral and HPA axis testing. Values were in the range of an intact male mouse during these tests (Table 2 ) (40 -42).
HPA axis stress response
To examine the contribution of organizational and activational effects of testosterone on masculinization of the HPA stress axis response, corticosterone levels were measured after a 15-min restraint stress (Fig. 1) . A significant main effect of group and a significant group ϫ time interaction ͓F (4, 27) ϭ 22.28 and F (4, 27) ϭ 18.41; P Ͻ 0.0001 for both͔ was revealed by repeated-measures ANOVA. Due to the interaction, individual time points were analyzed for main effects of group. We analyzed the peak response at time 30 and found a main effect of group ͓F (4,32) ϭ 10.68; P Ͻ 0.0001͔. Post hoc analysis revealed that intact females showed greater peak response than males and postnatally masculinized females showed a feminized response, whereas corticosterone levels were significantly reduced by activational effects of TP (PN V and PN TPϩOVX V were different from males, PN VϩOVX TP, and PN TPϩOVX TP; P Ͻ 0.05 for time 30) . During recovery at time 90, a main effect of group ͓F (4,31) ϭ 22.51; P Ͻ 0.0001͔ was further analyzed to reveal a difference between the PN TPϩOVX V mice and all others (P Ͻ 0.05). Intact females and males displayed similar recovery corticosterone levels at 90 min. In addition, rate of HPA axis activation was assessed by analysis of slope from 0 -15. We found a main effect of group ͓F (4,33) ϭ 11.60; P Ͻ 0.0001͔ and post hoc analysis showed that intact females and postnatally masculinized females showed a greater initial corticosterone rise than males and females with activational TP (PN V and PN TPϩOVX V were different from males, PN VϩOVX TP, and PN TPϩOVX TP; P Ͻ 0.05).
Tail suspension test
To examine the effects of organizational vs. activational TP administration in a test of antidepressant efficacy, we performed the tail suspension test. Analysis of immobile time in the tail suspension test revealed a main effect of group ͓F (4,37) ϭ 5.50; P Ͻ 0.01; Fig. 2͔ . Post hoc testing showed a sex difference that was masculinized by activational TP exposure in the absence of PN TP. Specifically, intact females and the two groups with postnatal testosterone (PN TPϩOVX V and PN TPϩOVX TP) displayed greater time spent immobile than males (P Ͻ 0.05). Additionally, the PN VϩOVX TP mice, showing immobile time similar to males, were significantly different from the two postnatally treated groups (P Ͻ 0.05).
Marble-burying test
To examine sex differences in active behaviors related to anxiety and the effects of masculinization, we performed the marble-burying test (Fig. 3 ). Data were collected in 5-min bins for 30 min, and marbles buried were analyzed by repeated-measures ANOVA. A trend was found for intact females to bury fewer marbles than males ͓F (1,12) ϭ 4.05; P ϭ 0.07 by repeated-measures ANOVA͔. Either organizational or activational TP increased burying, as found by comparing intact females with all treatment groups and intact males ͓F (1,39) ϭ 4.20; P Ͻ 0.05 by repeated-measures ANOVA͔.
Light-dark box
To examine anxiety-like behaviors, we measured responses in the light-dark box. There were no significant effects of TP on time spent in the light compartment or the 
Discussion
In comparison with males, female rodents exhibit greater physiological and behavioral stress sensitivity. Gonadal hormones are influential in early brain development through organizational effects as well as in modulation of adult physiology and behavior through activational effects. Testosterone plays an important role in suppressing the HPA stress axis and in increasing active behavioral responses to environmental challenges in males (4, 43, 44) , contributing to sex differences in stress responsivity. We sought to examine whether female physiological and behavioral stress responses could be masculinized by organizational and/or activational effects of testosterone by administration of TP as a single injection on PN 1 or as a sc implant beginning at puberty.
As a measure of HPA axis stress physiology, we examined a time course of corticosterone levels after an acute restraint stress. As expected, we detected a sex difference in corticosterone between intact males and females where females showed a substantially higher maximal rise after the restraint. We found that activational effects of TP in females resulted in significantly decreased corticosterone to levels similar to males. This effect was observed in the presence or absence of postnatal treatment. Surprisingly, the females treated with only postnatal TP were not masculinized, still displaying an elevated corticosterone response compared with males. These results differ from those previously reported showing that female rats treated with testosterone on PN 1 display a reduced corticosterone response after 10 min of white noise stress (45) . These findings may support species differences in the development of the HPA stress axis or may be related to differences in methodology, including type of stressor used. Interestingly, the postnatal TP-treated females displayed a slower stress recovery than other treatment groups, suggestive of altered negative feedback that may relate to changes in glucocorticoid receptor levels or limbic system development. We have previously shown that early expression of heightened HPA axis responsivity can be a predictor of adult stress sensitivity (37) . Our results show that the presence of activational testosterone has a greater influence than early organizational effects on masculinizing the physiological stress response. Moreover, human studies have shown that testosterone administration in females results in decreased stress responsivity measured by skin conductance and startle behavior (46) . In addition, in men, testosterone replacement after gonadal suppression resulted in decreased CRF-stimulated cortisol and cortisol to ACTH ratio (47) . Thus, similar to our rodent studies, activational testosterone leads to decreased stress responsivity in humans, too. A masculinization of the stress response is likely the result of modulatory actions of testosterone on the HPA axis (4, 5, 48) . These effects may involve multiple mechanisms, including decreasing cellular activation in the hypothalamus after stress exposure, decreasing CRF expression, and increasing glucocorticoid receptor expression to promote negative feedback (4, 5, 49, 50) . Possible additional sex differences involved in the HPA stress axis include females exhibiting greater adrenal gland weight, adrenal zona fasciculata volume, and CRF-binding protein expression in the pituitary (51) (52) (53) . Whether these differences can be masculinized by testosterone exposure or have an influence on HPA stress axis function have not yet been investigated.
Behavioral stress responses were also examined to assess the organizational and activational effects of TP in female mice. The behavioral tests were selected for their predictive sex differences where females typically show more passive responses than males (15, 16, 54, 55) . In humans, passive coping is more prevalent in females and is associated with higher depressive scores (17, 18) . Estrous cycle stage of intact female mice was monitored on each day of testing. Variability in behaviors in this group may be attributed to differences in cycle stage. In the tail suspension test, intact females showed greater immobile time than males. Activational effects of TP in the absence of postnatal TP reduced female time spent immobile, resulting in a masculinized response. These data are in agreement with previous work showing that after gonadectomy, TP replacement in males reduces immobile time in this test (43) . Postnatal TP treatment did not result in a change in immobile time, and surprisingly, mice exposed to both organizational and activational TP were not masculinized in their behavior as we had expected. The lack of activational TP effects in this female group compared with the known effect in males points to a likely influence of sex chromosomes. Previous studies have shown that genetic sex, independent from gonadal sex and hormonal condition, is an important determining factor in adult behavior and in brain development (56 -58) . For example, testosterone exposure during development is responsible for the larger volume of the sexually dimorphic nucleus of the preoptic area in males. Males and females that are gonadectomized and ovariectomized on PN 1 and given a testosterone injection show increased volume of this nucleus, but the magnitude of the effect is greater in males than females (31) . This may lead to an altered response in females to later exposure. Although precise mechanisms are unknown, our data suggest that PN 1 testosterone exposure may have differing effects on dimorphic brain regions in males and females, thereby altering later hormone responses.
Anxiety-like behavioral responses were also compared in these mice. In the marble-burying test, intact females displayed the lowest burying behavior, indicative of predicted passive stress behavioral responses. Previous studies have also shown that females are less active in defensive burying tasks (55) . Females treated with either organizational or activational TP and males were significantly different from intact females in that they buried a greater number of marbles. The effect of activational TP to increase burying duration has been previously demonstrated in gonadectomized male rats (59) . Our studies show similar results in female mice, in addition to showing effects of organizational TP to increase active coping. In a separate anxiety-like task, the light-dark box, there were no sex differences or significant effects of TP on time spent in the light side of the box or locomotor performance as measured by transitions between light and dark compartments. The differential results from these two tests may be due to the types of anxiety-provoking stimuli presented. In the marble-burying test, the stimuli are novel objects that the mice must actively bury while being unable to escape the environment. In contrast, in the lightdark box, mice have a choice of two environments and can easily avoid the bright, open compartment. Behaviors in these two tests represent different styles of coping. Females have been previously reported to spend less time in the light compartment than males, indicative of an increased anxietylike response in this test (54) . However, the reported study used a different strain and age of mice and a shorter test duration, which are important variables in rodent behavior testing. Moreover, in agreement with our results, studies of the effects of testosterone on behavior in the light-dark box have not shown significant changes in male rats (60, 61 (44, 62) . This suggests that behaviors in these anxiety-like tests may be more sensitive to the effects of testosterone, possibly due to the slight differences in stimuli that these tests present vs. the light-dark box. The elevated plus maze is conducted during the light cycle in very low light conditions, and the open-field test, like the marble-burying test, does not provide an escape. In summary, our data demonstrate that normally passive female coping behaviors in the marble-burying test can be masculinized by organizational or activational effects of TP, whereas in the tail suspension test, only activational TP masculinized the behavioral response. The difference in results from anxiety-and depression-like tasks suggests that organizational and activational TP have unique profiles of behavioral effects.
Overall, testosterone exposure appears to be a major contributor to sex differences in physiological and behavioral stress responsivity. The mechanisms by which testosterone produces these effects may occur through changes in dendritic morphology and gene expression in stress-responsive brain areas (5, 63, 64) . Our studies suggest that testosterone may act on different neurobiological targets depending on whether the exposure was organizational or activational. Early postnatal life is a sensitive period during which hormone exposure can have organizational effects that alter serotonin system maturation (65) , potentially leading to long-term changes in stress sensitivity. The presence of testosterone in adulthood may exert further modulatory effects on serotonin and ␥-aminobutyric acid systems (62, 66) , thereby affecting active behaviors and stress physiology. Puberty is thought to be a second window of organizational effects by gonadal hormones (67) . In our studies, activational TP exposure began at puberty onset. Thus, future studies will limit TP exposure to occur only during puberty to more specifically delineate activational vs. organizational effects during this window on stress responses.
